A wideband right-handed circularly polarized (CP) substrate integrated waveguide-(SIW-) based diamond ring-slot antenna array at the X-band is presented in this study. The array consists of four elements that exhibit wideband impedance matching characteristics and good radiation performance. The array also employs a sequential rotation feeding method to achieve the wideband axial ratio (AR) bandwidth. The feeding network is based on the SIW power divider with a delay line related to sequential rotation feeding. To validate our design, an antenna array is fabricated and measured. The measured impedance and AR bandwidths are 19.2% (VSWR < 2) and 14.1% (AR < 3 dB), respectively. Moreover, the antenna has a stable CP peak gain of more than 12 dBic from 10.1 GHz to 10.7 GHz.
Introduction
Circularly polarized (CP) antennas can solve problems in wireless channels, such as polarization mismatch generated by the Faraday effect and interference generated by the multipath effect. CP antennas are extensively used in space applications such as satellite communication and radar systems. Among many kinds of antennas, printed-slot CP antennas have a large bandwidth, a low profile, excellent CP characteristic, and bidirectional radiation. Thus, a reflector board at a distance of a quarter of a wavelength at the center frequency from the bottom of the antenna must be used to obtain a unidirectional CP radiation wave, which will add to the height of the entire antenna. The substrate integrated waveguide (SIW) transmission structure [1] , using via arrays to replace the side walls and as metallic rectangular waveguides with the printed circuit board (PCB) process, exhibits the advantage of having high power transmission and low radiation loss characteristic. A SIW-based slot antenna can improve the radiation efficiency because of its low loss characteristic. Such antenna can also achieve a unidirectional radiation with its SIW structure.
To date, numerous SIW-based slot antennas have been reported in the literature [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . A 16-element top-wall SIW slot antenna [2] proposed two-compounded slot pairs to obtain a CP wave centered at 16 GHz; however, the usable bandwidth is just 2.3%. In [3] , the authors proposed an X-band cavity-backed crossed-slot antenna fed by a single grounded coplanar waveguide. Both of these antennas exhibited the same problems, that is, a narrow impedance bandwidth less than 3% and a narrow axial ratio bandwidth (ARBW) of approximately 1% for AR less than 3 dB. A bandwidth-enhanced, cavity-backed slot antenna that uses a dual-mode, SIW-backed cavity was proposed in [4] , in which impedance bandwidth was improved from 3.8% to 6.3%. However, the aforementioned antennas typically suffer from a low gain less than 6 dBic. In [5] [6] [7] , single-layered, ring-slot CP SIW antennas were designed. The ARBW and impedance bandwidth of these antenna were improved, but the ARBW remained unsatisfactory in some applications.
In this study, a 2 × 2 sequential rotation feeding array like microstrip structure [12] [13] [14] [15] [16] [17] [18] [19] is proposed to increase the AR bandwidth and antenna gain. The element for the array adopts a diamond ring-slot antenna with an ARBW of 3.4% (AR < 3dB), which is larger than those in the aforementioned antennas [2] [3] [4] [5] [6] [7] . Finally, the AR bandwidth for the array is increased to 14.1%, and the measured antenna gain is 13.48 dBic at 10.3 GHz in the boresight direction. 
Antenna Design and Discussion

Element Design.
A simple SIW-based antenna at the Xband is used as the element in the 2 × 2 antenna array. The geometric configuration of the antenna is shown in Figure 1 . The antenna is composed of three parts: a SIWbased rectangular waveguide, a diamond ring-slot with a shorted strip, and a shorting via and coax feeding probe.
The overall size of the SIW antenna is 45 mm × 40 mm × 1.52 mm. Its design parameters are given in Figure 1 . and are the distance between the two vias and their diameters, respectively, in the SIW structure. In order to make SIW equivalent to the conventional waveguide, the ratio of and should be more than 0.5, and the ratio of d and free space wavelength at the center frequency should be less than 0.01. and are the width and length of the SIW structure, respectively, except for the diamond-shaped SIW structure. The width has been decided as 16.2 mm by setting the SIW operated at the fundamental mode (TE 10 -mode). The side length of the diamond-shaped SIW structure is denoted by , which mainly determines the resonating frequency of the SIW antenna. And the inner angle of the diamond is 90
∘ . The diamond ring-slot is located on the top wall of the SIW with a width of , which is in the center of the SIW in the y direction. 1 is the distance between the diamond ring-slot and diamond-shaped vias. The distance between the top diamond slot and the feeding probe is denoted by 2. The inner dimension of the diamond ring-slot is . 2 is the length of the shorted strips. The distance between the feeding probe and the short-ended SIW is denoted by s3, which is in the center of the SIW in the direction. The location of the shorting via is denoted by and To obtain a right-handed circular polarization (RHCP) wave, two orthogonal modes have to be achieved. In the current study, the location of the shorting via and the shorted strip with width 2 are important parameters to achieve the best CP characteristic. Through mass simulation and optimization, the final optimized parameter values for best impedance matching and AR characteristic are shown in Table 1 . The proposed antenna is designed with the aid of HFSS (ANSYS Inc., USA) based on the finite element method International Journal of Antennas and Propagation (FED). A dielectric substrate Taconic TLX-8 with a relative permittivity of 2.55, a loss tangent of 0.0019, and a height of 1.52 mm is used for the antenna. After fabricating through the PCB process, the antenna is measured with the aid of the vector network analyzer E8363B. The measured and simulated return losses are shown in Figure 3 . The bandwidth with a return loss (RL) of more than 10 dB is 14.5% (from 10.03 GHz to 11.60 GHz), the simulated RL bandwidth is 14.7% (from 10.0 GHz to 11.59 GHz), the simulated RL bandwidth is a bit wider than the measured one, and the measured RL bandwidth resonant depth is lower than the simulated one which is maybe caused by the fabrication errors and the influence of the SMA connector which is not included in the simulation. The peak gain and the AR results are given in Figure 4 for simulated and measured comparison. The measured peak gain in the boresight direction is 8.1 dBic at 10.4 GHz, whereas the measured ARBW below 3 dB is 3.4% (from 10.16 GHz to 10.51 GHz). The simulated and measured peak gains and AR results are in good agreement. Figure 5 shows the simulated vector surface current distribution of the proposed antenna at 10.3 GHz. It is observed that the vector surface current distributions in 180 ∘ and 270 ∘ are equal in magnitude and opposite in phases 0 ∘ and 90 ∘ . With the phase change, it can also be observed that the maximum currents located at the azimuth angle turn in the anticlockwise direction and the currents turn the -axis into -axis like a RHCP wave.
Array Design.
To improve the narrow ARBW (3.4%) and to enhance the antenna gain, a four-element array is obtained based on the aforementioned SIW-based element. The four elements are located via a sequential rotation feeding technique. In this study, the feed network for the array also adopts a SIW power divider with a radial configuration to improve radiation efficiency and to enable easy fabrication. The array employs two substrates with the same permittivity of 2.55, loss tangent of 0.0019, and height of 1.52 mm. The antenna element is etched on the top substrate, and the SIW power divider is etched on the bottom substrate. The two substrates can then be glued together after fabrication. The top and bottom layers of the array are shown in Figure 6 . Parameter is the separated distance between the elements. A small introduces mutual coupling that reduces radiation performance, whereas a big di increases antenna size. In the present study, is optimized as 0.78 0 = 20.01 mm for optimal gain and AR characteristic. Parameter s is the distance from the SIW shorted end to the feed location, which is denoted by = 7.5 mm. is the length of the delay line with an electrical length of 90 ∘ to compensate for the phase caused by sequential rotation. The value of is important for ARBW. After optimization, the final value of is 3.1 mm. The coax feeding probe is located in the center of the SIW power divider.
Experimental Results
The two substrates for the array antenna also employ Taconic TLX-8 with a relative permittivity of 2.55, a loss tangent of 0.0019, and a height of 1.52 mm. The fabricated SIW antenna array that follows the aforementioned design parameters is shown in Figure 7 . The total occupying area of the array is × = 90.7 mm × 84.5 mm, with a height of 3.04 mm. The four coax probes for each element on the top and bottom substrate are connected to guarantee that the energy from the input port is transmitted to the radiating layer, as shown in Figure 7 . A hole in the center, with diameter 5.5 mm, is cut from the top substrate to allow convenient soldering of the SMA connector. This process does not influence the impedance and radiation performance of the antenna. Return loss measurement is conducted with the aid of the vector network analyzer E8363B (Agilent Technologies, USA). The return loss bandwidth (RLBW) is 19.2% (from 9.9 GHz to 12.0 GHz), and the measured RLBW is larger than the simulated one, as shown in Figure 8 . This difference can be attributed to tolerance error in the fabrication process. For the radiation performance, the measured and simulated RHCP and LHCP radiation patterns in and planes at 10.3 GHz of the SIW antenna array are plotted in Figures 9(a) and 9(b) , respectively. The proposed antenna satisfies the RHCP generation with a lower cross-polarization in the boresight direction.
The AR and peak gain results versus frequency, with simulated and measured values, are depicted in Figure 10 . The measured ARBW below 3 dB is 14.1% (from 9.88 GHz to 11.38 GHz), which is larger than the ARBW of the element. This result has validated the effectiveness of the sequential rotation method. The measured peak gain in the boresight direction is 13.48 dBic at 10.3 GHz, while the simulated peak gain is 13.55 dBic. This discrepancy may be caused by an additional loss introduced by the transition between SMA and microstrip line. From 10.1 GHz to 10.7 GHz, the antenna array has a stable gain of more than 12 dBic. The simulated Table 2 compares the performance of the antennas from the references and the antenna in this study. The antenna element obviously has a better ARBW. Moreover, impedance bandwidth and ARBW have been improved significantly through sequential rotation method. Radiation efficiency has been measured by using the D/G method [20] ; the measured and the simulated radiation efficiency, by taking the finite conductivity of the copper and the loss tangent of the considered dielectric material during the simulation process, is depicted in Figure 11 . The simulated radiation efficiency is found to be more than 85% from 10.1 GHz to 10.7 GHz, while the measured one is more than 80% with the measured error and SMA connector influence.
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Conclusion
In summary, a RHCP antenna array with high gain, high radiation efficiency, and large AR bandwidth is presented in this study. A large AR bandwidth is obtained by employing the sequential rotation feeding method. This method is simple and easy to fabricate. The SIW antenna array achieves 19.2% impedance bandwidth and 14.1% AR bandwidth. The realized peak gain is 13.48 dBic at the boresight with a low cross-polarization at 10.3 GHz.
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